This study estimated the basic reproductive ratio of rabies at the population level in wild animals (foxes), farm animals (cattle, camels, horses, sheep) and what we classified as domestic animals (cats, dogs) in the Republic of Kazakhstan (RK). It also aimed at forecasting the possible number of new outbreaks in case of emergence of the disease in new territories. We considered cases of rabies in animals in RK from 2010 to 2013, recorded by regional veterinary services. Statistically significant space-time clusters of outbreaks in three subpopulations were detected by means of Kulldorff Scan statistics. Theoretical curves were then fitted to epidemiological data within each cluster assuming exponential initial growth, which was followed up by calculation of the basic reproductive ratio R0. For farm animals, the value of R0 was 1.62 (1.11-2.26) and for wild animals 1.84 (1.08-3.13), while it was close to 1 for domestic animals. Using the values obtained, an initial phase of possible epidemic was simulated in order to predict the expected number of secondary cases if the disease were introduced into a new area. The possible number of new cases for 20 weeks was estimated at 5 (1-16) for farm animals, 17 (1-113) for wild animals and about 1 in the category of domestic animals. These results have been used to produce set of recommendations for organising of preventive and contra-epizootic measures against rabies expected to be applied by state veterinarian services.
Introduction
The epidemic situation with respect to rabies in the endemic countries in the world, including the Republic of Kazakhstan (RK), is characterised by an uneven spread of infection. The disease is registered on every continent except Australia and Antarctica (Smreczak et al., 2012; Youla et al., 2014; Eckardt et al., 2015) . The disease has an acute course with overt signs of polyencephalomyelitis and the mortality is 100% in the absence of immediate treatment. Due to the accession of RK to the World Trade Organization (WTO), the need for socio-economic stability, including epizootics that may extend to humans, is increasingly important for each administrative unit of the country. Currently, an ascending trend of rabies with an average increase of 7% per year among susceptible animals (fox, raccoon dogs, wolves, cats and cattle) is being observed in RK. About 700 heads of farm animals perish annually from rabies in the republic and more than 50% of them consist of cattle and up to 25% of small ruminants (Makarov et al., 2008; Abdrakhmanov et al., 2010) . Rabies gets the attention of the veterinary services, and mass vaccination campaigns and surveillance are applied both in the population of wild animals as well as in livestock and other domestic animals. Predicting the size of possible epidemics in the event of new rabies outbreaks is one of the priorities of the veterinary service. The number of recorded cases in different animal categories during 2010-2013 was studied in order to identify the main epidemiological patterns of the disease at the population level. During this study, significant spatio-temporal clusters of the disease were identified; epidemic curves built for each cluster and the values of the basic reproductive ratio (R0) for each sub-population calculated (Iglesias et al., 2011 (Iglesias et al., , 2015 . The values obtained were then used to simulate the possible number of new outbreaks over a period of 20 weeks in the case of a new infection focus emergence.
Materials and Methods

Study area
The whole territory of RK, covering an area of 2,724,902 km 2 , was used as a study area in this research. RK is 9 th largest country in the world and 4 th largest in Eurasia with total population of more than 17 billion. The first-level administrative division is represented by 14 regions (oblasts), the spatial extent of which ranges from 117,249 to 427,982 km 2 (Figure 1 ). Agriculture, especially cattle breeding, is one of the priority sectors of the economics of RK. As of January 2015, the number of cattle (in thousands of heads) reached 6028.0, sheep -15,532.4, goats -2378.9, pigs -844.2, horses -1936.7 and camels -165.9 .
Data
The data on rabies outbreaks in RK during 2010-2013 were provided by the national veterinary service and recorded during expedition trips. The database consists of 496 outbreaks in animals such as cats, dogs, cows, foxes, camels, sheep and horses (Table 1 ). To facilitate modelling, all kinds of animals were divided into three categories: farm animals (cattle, camels, horses, sheep) domestic animals (cats and dogs) and wild animals that includes only foxes. Among the total number of outbreaks, 60% were in farm animals (296 outbreaks), 13% in domestic animals (69 outbreaks), and 27% in wild animals (131 outbreaks).
Rabies outbreaks have the following attributes, which are relevant for further analysis: geographic coordinates (latitude, longitude); date of the outbreak; number and type of infected animals. The data used in this study were presented in the format of Microsoft Excel spreadsheet, and converted to ESRI shapefiles (http://www.esri.com/) for cartographic representation. Figure 1 shows a map of RK overlaid with cases of rabies in the three sub-populations mentioned above.
Methods
The first stage of the work was to identify space-time clusters of outbreaks in each of the three categories by means of Kulldorff Scan statistics (Kulldorff et al., 2005) . The space-time permutations type of analysis was chosen. The preliminary analysis of the data using the software tool Multi-distance Spatial Cluster Analysis (Ripley's K-function) was performed in order to determine the maximum distance of spatial outbreak clustering, which gives an idea of the maximum spa- (Mitchell, 2005) . After detection of the spatio-temporal clusters, only those that were statistically significant at P≤0.05), and where the number of outbreaks were sufficiently numerous for the construction of an epidemic curve (at least seven outbreaks), were selected for further analysis. This curve was constructed for each of the selected clusters based on the available data about the dynamics of rabies cases at the second stage of the analysis. Time step of the epidemic curve implies a period equal to the average incubation period of rabies for the respective category of animal. This is based on the assumption that the animal may already be a source of infection for other susceptible animals during the incubation period, and hence the duration of the incubation period can be taken as the duration of infectivity. Literature data on rabies (Wunner and Jackson, 2010; Alabama Department of Public Health, 2015) suggest that the duration of incubation period may be: 2-10 weeks for cattle, but may take up to 6 months; and 3-8 weeks usually for dogs, but can last for up to 8.5 months. The duration of the infectious period for foxes was taken to be similar to that in dogs. Based on these ranges, durations of the infectious periods (D) were modelled using Pert distribution (Van Hauwermeiren and Vose, 2009 ) with the following parameters: for cattle (farm animals) - Pert (0; 7.3; 25) ; for dogs, cats and foxes (domestic and wild animals) 4.5; 36) . This would allow accounting for uncertainties in the duration of the infectious period and getting the mean values and limits of 95% confidence intervals (CI) during the further analysis. The means for the two above distributions amounted to 9 weeks. This value was used as a time step ( t) for the epidemic curves. In order to model the possible number of new rabies outbreaks in the event of an epidemic in a new territory, the simplest technique based on the concept of basic reproductive ratio was applied. This approach refers to the analysis of the epidemic curve and assumes exponential growth of the number of new cases since the beginning of the epidemic until its maximum (peak) (Dietz, 1993; Heffernan et al., 2005) . The key concept of this approach is the basic reproductive ratio (R0), which shows the average number of secondary infections, which can be caused by one infected individual during its infectious period. The formula for calculating R0 from epidemiological data is as follows:
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eq. 1 where: D is the duration of the infectious period, i.e. the period of time during which the infected individual (or herd) can be a source of infection for other susceptible animals (herds); t is time interval between two observations at which N1 and N2 outbreaks were recorded. t also acts as a time step of epidemic curve.
Values of R0 greater than 1 usually indicate an increase of an epidemic, while values less than 1 show an attenuation. R0=1 indicates creeping endemic course of the disease without a sharp rise. Thus, eq. 2
In addition, knowledge of the basic reproductive ratio (R0) enables the calculation of the herd immunity threshold (Ht), i.e. the share of a susceptible livestock that should be vaccinated (alternatively, disposed of) to prevent an epidemic. According to Anderson and May (1992) , Ht can be calculated using the formula: eq. 3
After building the epidemic curve for each cluster, approximating exponential curves were fitted to initial segments of the curves (phases of growth) by means of the least square method (Wolberg, 2006) , after which R0 values were calculated by equation 1. Accounting for uncertainty in duration of infectious period D, expressed by the distributions, allowed estimating the average values of R0 and the limits of CI 95%. Modelling was performed using the method of Monte Carlo simulations at 10,000 iterations (Vose, 2008) . Then, simulation of the possible number of new rabies cases was performed using the obtained values R0 for a time period of 20 weeks by means of equation 2. The herd immunity threshold Ht was calculated using equation 3, which in the case of rabies shows the proportion of susceptible population that must be vaccinated to prevent an epidemic development.
Software
Geospatial analysis, data processing and visualisation were performed using geographic information system ArcGIS 10.3.1 (http://www.esri.com/). Identification of space-time clusters was performed by means of SatScan 9.1 software package (Kulldorff, 2015) . Construction of epidemic curves, fitting of approximating exponential curves, and simulation by the Monte Carlo method were performed using the software package @Risk 6.2 (http://www.palisade.com/risk/) based on Microsoft Excel.
Results
Cluster detection
The analysis of rabies cases during 2010-2013 using Multi-distance Spatial Cluster Analysis (Ripley's K-function) procedure showed that the maximum distance, at which grouping of cases can be observed is about 500 km. Therefore, a maximum search radius of 250 km was adopted to identify potential clusters. In so doing only one statistically significant cluster that also had a sufficient number of outbreaks for the construction of an epidemic curve was revealed for each sub-population of animals. These clusters are represented in the maps in In the category of farm animals, the clusters were mainly found among cattle, while in the category of domestic animals, it was found among dogs. Clusters representing foxes (the wild animal category) were also observed. The initial segments of epidemic curves plotted for the three identified clusters, including fitted exponential curves, are shown in Figures 5-7 .
The basic reproductive ratio
The following values were obtained by calculation of the basic reproductive ratio: R0=1.62 (1.11-2.26) for farm animals; R0=1.84 (1.08-3.13) for foxes (wild animals); R0=close to 1 for domestic animals with no significant growth seen in the available data.
These values confirm the hypothesis of the secondary character of epidemics in the domestic animals since, apparently, epidemics in these animal populations do not tend to develop independently but are supported by contact with wild animals.
Modelling of epidemic size
Taking into account the values obtained for the basic reproductive ratio R0, modelling of the possible number of outbreaks, according to equation 2, in each of the three categories of animals for a period of 20 weeks demonstrated the following results: 5 (1-16) new outbreaks may occur among the farm animals; 1 outbreak could occur among the domestic animals but there is a large uncertainty, because their number is obviously highly dependent on the presence of outbreaks among the wild animals; 17 (1-113) new cases of rabies may occur among the wild animals.
Calculation of the required proportion of vaccination
Calculation of herd immunity threshold using equation 3 gave the following values of the proportion of livestock that would need to be vaccinated to prevent an epidemic development: 36% (10-56%) of livestock should be vaccinated in the category of farm animals; 41% (7-68%) of livestock should be vaccinated in the category of wild animals; an adequate calculation of the herd immunity threshold for the domestic animals was not possible due to the proximity of R0 to 1.
Discussion
According to the World Health Organization (WHO), rabies ranks fifth among all infectious diseases in terms of economic effects (WHO, 2015) . Rabies occupies a special place among the variety of zoonotic infectious diseases because this virus affects almost all warm-blooded animals along with humans. Therefore, the problem of rabies must be jointly studied by medical and veterinary professionals. Indeed, the risk of the disease spreading among animals and humans has not decreased in RK in recent years. Activation of natural foci of rabies is periodically seen in almost all regions of the country, with a growing number of cases among wild carnivores and domestic animals as well as farm animals.
Some authors have noted a certain correlation of rabies registration among farm livestock and domestic carnivores during studies of interspecies transfer between key populations of susceptible animals, thus suggesting a possible risk not only among wild animals but also of man- ifestation of an urban type of rabies (Shestopalov et al., 2001; Abdrakhmanov et al., 2010; Abdrakhmanov and Eseneva, 2012) . The analysis shows the presence of the positive dynamics of rabies epidemics in the categories of farm animals and wild animals. An epidemic development, with an increase in the number of infected animals (herds), is possible in these populations in the event of new outbreaks within high-risk areas. Rabies in the population of dogs and cats is apparently supported only as a result of contact with a wild animal population, and the epidemic would decay in the absence of such contacts. The epidemic curves plotted for the three identified clusters and the fitted exponential curves (Figures 5-7) confirm the hypothesis of the secondary character of epidemics in domestic animals since these animals are thought to have been infected by contact with wild animals. The values found agree well with the results of other authors (Hampson et al., 2009; Zinsstag et al., 2009) . Active manifestations of an epidemic process of the same infectious disease in different areas (farms, settlements and administrative areas, etc.) will always vary due to exposure to various anthropogenic and biogenic factors. The basic and additional evaluation criteria are present in each disease, the nature and intensity of which determines the growth or fading of any potential epidemic process.
Given the basic reproductive ratio of rabies epidemic process in RK in three of the most significant animal populations, an attempt was made to determine the appropriate proportion of animals needing vaccination, which is the main, general measure to combat rabies. Our results show that, on average, 36% of the animals should be vaccinated in the farm animal category, while the figure increased to 41% for the category of wild animals. The resulting ratio of vaccinations among the productive and wild carnivores (the main natural reservoir) corresponds to the current vaccination in the country. As for domestic carnivores, the situation is different: with R0 equal or close to 1, the disease situation has the character of endemicity without epidemic manifestations. This outcome could be due to the reduction in the number of stray carnivores and successful control of the population within the period subjected to the analysis (2010) (2011) (2012) (2013) .
The geographical overlap of the clusters of domestic and wild animals (Figures 3 and 4) , as well as the matching time period (SpringAutumn 2010), indicate the possibility for mutual contamination of the two populations. The proximity of the two clusters to the national border should be noted, as it can be interpreted as a possible transboundary transfer of rabies in the population of wild animals with further spread into the population of domestic animals.
It should be noted that the only statistically significant spatio-temporal cluster of rabies in the population of farm animals was detected in the East Kazakhstan region, where the highest population of susceptible species was recorded (about 870 thousand heads compared to 300 -400 thousand heads in other areas as of 2014) according to the Veterinary Service of RK. This can be seen as an indication that the potentially most likely rabies epidemic would develop in high-density populations of susceptible livestock. In areas with relatively low population densities, only occasional pockets of rabies usually arise and they do not lead to sharp increases of the number of cases. In this regard, our analysis can be considered a worst-case scenario, and the predicted number of possible outbreaks reflects a highest possible outcome of a potential epidemic.
The continuing unfavourable epidemic situation with regard to rabies in the country is due to the widespread of feral rabies, poor performance on the regulation of the number of wild animals and organisation of oral immunisation, the increase of number of stray animals in urban and rural areas, gross violations of farm animals housing, poor organisation of accounting and registration as well as insufficient public awareness campaign among the human population. Further work on the development of the model used may rely on the creation of an integrated model of rabies epidemic process, including the interaction between different populations, and accounting for data on vaccination. The results obtained have been used to compile a set of methodological recommendations regarding the organisation of preventive and contra-epizootic measures against rabies, which are expected to be applied by state veterinarian services. 
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Conclusions
Our study allows the estimation of basic reproductive ratio R0 for rabies in different animals at the population level. The results demonstrate that: i) R0 can be higher than 1 resulting in the epidemic growth in farm livestock if there is a high density of animals in the susceptible population; and ii) R0 can be higher than 1 in the population of wild carnivores, together with geographical overlap of outbreak clusters in wild and domestic species, thus indicating close interaction among epidemic processes in these sub-populations with possibilities of transfer of the disease from wild to domestic animals. Therefore, the forecast of possible size of a new epidemic should be considered a worst-case scenario when there is a high density of susceptible animals in the populations. 
